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ABSTRACT 

 

The heats of vaporization of the room temperature ionic liquids (RTILs) N-butyl-N-

methylpyrrolidinium bistrifluorosulfonylimide, N-butyl-N-methylpyrrolidinium 

dicyanamide, and 1-butyl-3-methylimidazolium dicyanamide are determined using a 

heated effusive vapor source in conjunction with single photon ionization by a tunable 

vacuum ultraviolet synchrotron source.  The relative gas phase ionic liquid vapor 

densities in the effusive beam are monitored by clearly distinguished dissociative 

photoionization processes via a time-of-flight mass spectrometer at a tunable vacuum 

ultraviolet beamline 9.0.2.3 (Chemical Dynamics Beamline) at the Advanced Light 

Source synchrotron facility.  Resulting in relatively few assumptions, through the 

analysis of both parent cations and fragment cations, the heat of vaporization of N-butyl-

N-methylpyrrolidinium bistrifluorosulfonylimide is determined to be Hvap(298.15 K) = 

195±19 kJ mol
-1

.  The observed heats of vaporization of 1-butyl-3-methylimidazolium 

dicyanamide ( Hvap(298.15 K) = 174±12 kJ mol
-1

) and N-butyl-N-methylpyrrolidinium 

dicyanamide ( Hvap(298.15 K) = 171±12 kJ mol
-1

) are consistent with reported 

experimental values using electron impact ionization.  The tunable vacuum ultraviolet 

source has enabled accurate measurement of photoion appearance energies.  These 

appearance energies are in good agreement with MP2 calculations for dissociative 

photoionization of the ion pair.  These experimental heats of vaporization, photoion 

appearance energies, and ab initio calculations corroborate vaporization of these RTILs 

as intact cation-anion ion pairs.  
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Introduction 

 

Ionic liquids are classified as ionic salts that have melting points at and below T = 

100 ˚C.  Room temperature ionic liquids (RTILs) are liquids under ambient conditions.  

RTILs represent a new class of “green” solvents that potentially can replace highly 

volatile organic solvents and hydrazine-based hypergolic fuels.
1-4

  RTILs typically have 

large, multi-atom cations such as ammonium, pyrrolidinium, imidazolium, triazolium, 

and tetrazolium ions that have diffuse positive charge distributions and non-polar alkyl 

functional groups (Figure 1).  The diffuse nature of the ionic charges, combined with the 

large effective cation-anion distance in RTILs results in relatively low lattice energies.  

By contrast, a typical ionic salt, NaCl (melting point T = 801 ˚C), has very localized 

charge distributions on each ion, and the separation between cation and anion is small, 

therefore a strong Coulombic attraction exists between sodium and chloride ions in the 

condensed phase.  As a result, the lattice energy of NaCl is much higher than for RTILs, 

and the phase transition from ionic solid to liquid occurs at a much higher temperature in 

NaCl than for RTILs.   

Due to their ionic nature, RTILs were originally thought to have essentially no 

vapor pressure.  Recent studies of RTILs in vacuum have demonstrated that some RTILs 

can be distilled in vacuum with little thermal degradation,
5-8

 as noted in more detail 

below. Transpiration and Knudsen methods
9
 have also been applied to vaporize and 

recover RTIL condensates.
10-13

  To evaluate the thermal stability of a compound, studies 

such as differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) 

are typically carried out at atmospheric pressure.
11,12,14-16

   Recent TGA studies have 

shown that significant mass loss of RTILs can occur at temperatures well below the onset 
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decomposition temperatures reported in DSC studies.
16

  Such loss in mass could 

represent depletion through vaporization of intact RTILs. 

The ionic nature of RTILs may lead to dramatically different vaporization 

mechanisms than for molecular liquids.  For protic RTILs (having an H bound to a 

nitrogen in the cation ring), typically a proton is transferred to the anion during 

vaporization and neutral species are formed:
7
 

[AH]
+
[B]

-
  A + BH     (1) 

These neutrals can be volatilized, and upon condensation, the RTIL can be reformed by 

proton exchange to the weaker acid (the reverse of Reaction 1 above).  The 

groundbreaking study by Earle et al.
5
 demonstrated that when aprotic RTILs (having only 

alkyl groups bound to the cation ring nitrogens) are heated in a vacuum, recovery of the 

vapor produced the same RTIL with little or no degradation for several families of 

RTILs.  Vaporization of mixtures of RTILs showed that one component was successfully 

enriched upon fractional distillation due to the differences in vapor pressure of one RTIL 

versus another.
7
  The thermal stability of certain families of RTILs was attributed to the 

weak nucleophilicity (tendency to react with carbon) of the anion.  Initially, the 

vaporization mechanism was proposed to be via cluster formation in the gas phase.
5
  

More recent studies using photoionization,
17

 line of sight mass spectrometry,
18,19

 Fourier 

transform ion cyclotron resonance,
6,7

 and field desorption/ionization
20

 mass spectrometric 

techniques suggest that vaporization of these thermally stable species is via neutral ion 

pair formation in the gas phase.  However, aprotic RTILs with strongly nucleophilic 

anions can react when heated, and the recovery of pure RTIL by vacuum distillation may 

not be feasible. 
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 Theoretical modeling of RTILs
21

 has been of great interest in order to predict such 

important properties as heats of formation, heats of vaporization,
11,22

 melting and boiling 

points, viscosity, and thermal decomposition mechanisms.
23

 Dynamics calculations have 

indicated that vaporization to produce an intact ion pair is energetically favored over ion 

cluster formation (multiple cation-anion ion pairs), where larger clusters have higher 

heats of vaporization.
24

 The ionic nature of these liquids has made predicting these 

properties difficult and very few experimental data exist to confirm theoretical heats of 

formation and heats of vaporization values, quantities that are essential for evaluating 

RTIL performance as propellants. 

 The implication that RTILs evaporate as intact ion pairs is based on detection of 

the intact cation by mass spectrometry using photoionization or electron-impact 

ionization, as well as photoelectron spectroscopy and calculation.  It is accepted that 

photoionization or electron impact ionization of the neutral ion pair, followed by 

dissociation, leads to a cation and a neutral, and the cation is then detected by the mass 

spectrometer: 

[A
+
B]

-
 + h  [A

+
B] + e

-
  A

+ 
+ B + e

-
     (2) 

Direct detection of the ion pair has been elusive, most likely because of the use of 

relatively high energies of the ionizing photons (23.2 eV) or electrons (10-100 eV) versus 

the energy required to dissociate the ion pair: 

[BMIM]
+
[dca]

-
  BMIM

+
 + dca

-
  H = 3.59 eV at 298 K  (G3MP2)

10
 (3) 

where [BMIM]
+
[dca]

-
 is the RTIL 1-butyl-3-methylimidazolium dicyanamide.  However, 

recent progress has been made towards direct detection of ion pairs.
20
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 In this study, a first report is provided for determinations of the heats of 

vaporization of room temperature ionic liquids by tunable synchrotron photoionization 

detection.  Several ionic liquids, N-butyl-N-methylpyrrolidinium 

bistrifluorosulfonylimide, [pyrr14]
+
[NTf2]

-
, N-butyl-N-methylpyrrolidinium dicyanamide, 

[pyrr14]
+
[dca]

-
, and 1-butyl-3-methylimidazolium dicyanamide, [BMIM]

+
[dca]

-
, are 

studied by means of an effusive vapor source coupled to a vacuum ultraviolet 

photoionization time of flight mass spectrometer (PI-TOFMS).  An analysis of the 

strengths of the photoionization method is made, which include the ability to study the 

heats of vaporization of the ionic liquid molecules at the tunable thresholds for 

dissociative  photoionization, good comparisons between the Hvap results from several 

fragment masses, and an ability to assess the temperature dependence of the 

photoionization cross sections.  Furthermore, the comparison of experimental photoion 

appearance energies with theory supports a dissociative photoionization mechanism.  To 

our knowledge, this study is the first reported measurement of the heat of vaporization of 

[pyrr14]
+
[NTf2]

-
.  The heats of vaporization of [BMIM]

+
[dca]

-
 and [pyrr14]

+
[dca]

-
 obtained 

here are in reasonable agreement with previously reported experimental measurements.   

Experimental 

 The experiments are performed on the Chemical Dynamics Beamline, a tunable 

VUV beamline 9.0.2.3 at the Advanced Light Source in Berkeley, California.  Product 

masses are detected as a function of vaporization temperature of the ionic liquid and 

tunable photoionization wavelength.  The PI-TOFMS repeller is pulsed at 10 kHz and 

typically data are accumulated for 200,000 pulses per mass spectrum.  For [pyrr14]
+
[dca]

-
, 

200,000 pulses are accumulated at 12.0 eV photon energy at 473 K, 483 K, and 493 K.
 
 



PREPRINT 

Distribution A: Approved for public release; distribution unlimited 

6 

For [pyrr14]
+
[NTf2]

-
 and [BMIM]

+
[dca]

-
, photoionization efficiency (PIE) data were 

acquired as the VUV photon energy is scanned from 8.0 to 15.0 eV in 0.2 eV steps 

(photon energy resolution was 0.025 eV).  In this first study, PIE data are taken over a 

limited temperature range, at 468 K and 483 K for [BMIM]
+
[dca]

-
, and at 583 K and 613 

K for [pyrr14]
+
[NTf2]

-
.  In addition, data for [pyrr14]

+
[NTf2]

-
 are also accumulated at 12.6 

eV and at 15.0 eV for longer signal averaging of 9 million pulses per spectrum at both 

583 K and 613 K.   

The RTIL source is a modified version of a source described previously.
17

  

Briefly, the source uses a Pyrex reservoir that has a narrow outlet tube (Figure 2).  Each 

region is surrounded by a machined aluminum block.  Each block is heated separately by 

4 cartridge heaters embedded evenly around the cell axis.  The heaters in each region are 

controlled by separate power supplies (0-40 W per region), and thermal equilibrium 

within the source is reached before PIE curves are measured.  The temperatures in each 

region are measured using previously calibrated type K thermocouples and from the 

uniformity of the heated regions and thermocouple readings, the temperature values 

reported here are assessed to have an error of ±3 K.  Although the temperatures of the 

reservoir and outlet regions can be controlled separately, for heat of vaporization 

determinations the temperature of the reservoir region is set to be equal to the outlet 

region.  In order to examine pyrolysis of ion pairs in the gas phase, the temperature of the 

outlet region can be set at a higher temperature than the reservoir region, and pyrolysis 

experiments will be described in a future publication.  The experimental temperatures are 

selected by performing differential scanning calorimetry (DSC) on the ionic liquids prior 
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to the photoionization experiments.  The temperatures are selected to be well below the 

decomposition temperatures of the ionic liquids to avoid pyrolysis. 

 The raw mass spectra are corrected for fluctuations in the power of the light 

source by monitoring the power at a VUV photodiode whose wavelength response curve 

had previously been characterized.  The synchrotron is operated in constant top off mode 

and the ring current is kept constant at 500 mA.  Low source temperature spectra are 

scaled and subtracted from the high temperature data to remove any background signals 

not due to the RTIL.  Figure 3 shows a typical corrected mass spectrum.  PIE curves are 

determined by integrating the peak areas of a given mass in each photon energy mass 

spectrum. 

1-butyl-3-methylimidazolium dicyanamide (>98%) and N-butyl-N-

methylpyrrolidinium dicyanamide (>99%) are obtained from EMD.  N-butyl-N-

methylpyrrolidinium bistrifluorosulfonylimide (>98%) is purchased from Aldrich.  In 

order to remove volatile impurities present in the sample, the RTIL samples are heated in 

high vacuum (base pressure ~10
-6

 Pascals) for 12 hours prior to the experiments as 

follows: [pyrr14]
+
[NTf2]

-
 at 453K, [pyrr14]

+
[dca]

-
 at 378 K, and [BMIM]

+
[dca]

-
 at 358 K. 

 Ab initio calculations are performed using Gaussian 03W
25

 at the HF 6-31+G(d,p) 

or B3LYP 6-31+G(d,p) level of theory to preoptimize geometries.  Final optimization 

and energy calculations are performed at the MP2 6-31+G(d,p) level of theory using 

GAMESS.
26,27

  Resulting MP2 energies at 0 K are corrected for unscaled zero-point 

vibrational energies.  Based on previous calculations of RTIL ionization processes using 

HF 6-31+G(d,p), B3LYP 6-31+G(d,p), and MP2 6-31+G(d,p) levels of theory, MP2 6-

31+G(d,p) is selected as the preferred method due to good agreement with experimental 
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ionization potentials and ionization trends.  The MP2 6-31+G(d,p) level of theory is 

assigned an uncertainty of ±0.1 eV based on our previous calculations.  

Results and Discussion 

 As noted, a mass spectrum of [pyrr14]
+
[NTf2]

-
 taken at 613 K and 15.0 eV photon 

energy is shown in Figure 3, and the PIE curves for mass 142 at 583 K and 613 K and 

mass 84 at 613 K are shown in Figure 4.  Mass 142 represents the [pyrr14]
+
 parent cation 

of the ionic liquid ion pair in the gas phase (equation 2).  The appearance of mass 84 is 

due to fragmentation of the internally hot [pyrr14]
+
 cation, which can be attributed to 

C4H10 loss.  From these curves, the appearance energies of the resulting intact cation and 

fragment cations can be determined, allowing insight into the energetics of ionization of 

the ion pair and possible ion fragmentation pathways.  The observed appearance energies 

for masses 142 and 84 are 9.4±0.2 and 10.0±0.2 eV, respectively, which are in excellent 

agreement with their corresponding MP2 appearance energies of 9.2±0.1 and 10.1±0.1 

eV.  The thermal contribution due to the small temperature differences in these 

experiments (≤ 30 K) should only amount to a few millielectron volts at the temperatures 

involved, causing a shift to lower appearance energy due to hot bands that is smaller than 

the resolution of our experiment. 

 By comparing the intensities of mass 142 peaks, which are proportional to the 

number densities of the ion pair in the RTIL vapor,
18

 at two known source temperatures 

T1 and T2 and applying the Clausius-Clapeyron equation, the heat of vaporization in this 

temperature range is directly determined: 

Hvap = -Rln(I2/I1)[(T1T2)/(T2-T1)]    (4) 
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where I is the measured mass 142 peak intensity, and R is the gas constant.  Over the 

temperature range of this experiment, the photoionization cross section at a given photon 

energy is considered to be constant.  The branching fractions from the ionized ion pair to 

intact cation or cation fragments are considered to be constant as well. 

The heat of vaporization of [pyrr14]
+
[NTf2]

-
 is determined using equation 4 and 

the data in the following ways: 1) using the sum of the intensities of all the points along 

the mass 142 tunable wavelength PIE curve (36 points with 7.2 million pulses total per 

curve) at T1 and T2 , 2) by individually comparing the intensities at T1 and T2 of mass 142 

at one specific wavelength, 12.6 eV, and 3) by analyzing the results also at 15.0 eV. A 

longer signal averaging condition of 9 million pulses is used for the last two cases.  T1 

and T2 are 583 and 613 K, respectively.  A similar analysis is performed for mass 84 also.  

Table 1 summarizes the experimental Hvap values obtained.  The experimental Hvap 

values have been corrected to 298.15 K using a Cp value of –105.4 J·K
-1

·mol
-1

 for 

[BMIM]
+
[dca]

-
 and [pyrr14]

+
[dca]

-
,
18

 and a value of –94 J·K
-1

·mol
-1

 for [pyrr14]
+
[NTf2]

-
.
10

  

The uncertainties in Table 1 represent twice the standard deviation of the measurements.  

The larger uncertainties in these measurements are the result of having fewer data points 

across similar temperature ranges for determining the heat of vaporization versus the 

more extensive maps versus temperature in the referenced works.   

Good agreement for Hvap calculated using masses 142 and 84 (170.5 vs. 162.9 

kJ/mol, Table 1) indicates the possibility of calculating Hvap from mass fragments of the 

cation, and mass 84 is used successfully to determine the Hvap of [pyrr14]
+
[dca]

-
.  One 

possibility why mass 84 is usable for determining the heat of vaporization for the 

[pyrr14]
+
-containing RTILs may be due to its increased stability from possible resonance 
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structures of the cation.
18

  This stability also could explain the significant fragmentation 

of the intact cation to mass 84 under such soft ionization conditions.  Mass 84 analysis 

for the heat of vaporization of [pyrr14]
+
[dca]

-
 agrees reasonably well with the reported 

literature value (Table 2).  For [BMIM]
+
[dca]

-
, masses 82, 97, 124 and 137 are used to 

calculate the heat of vaporization, and the reported heat of vaporization value is slightly 

higher than the literature value (Table 1).  The successful determination of Hvap from 

fragment masses is important because for some RTILs the intact cation may not be 

detected.  In fact, only a very weak parent cation ion peak at mass 142 is detected for 

[pyrr14]
+
[dca]

-
 and no parent peak at mass 139 is detected for [BMIM]

+
[dca]

-
.  The 

present Hvap of [pyrr14]
+
[NTf2]

-
 is consistent with heats of vaporization determined for 

other NTf2
-
 based RTILs.

6,12,13,22,24,28
  The temperatures used in these experiments are 

well below the reported onset decomposition temperatures (non-zero DSC slope) for 

these species (Table 2). 

To assess the temperature dependence of the photoionization cross section, the 

relative shapes of the PIE curves obtained at the experimental reservoir temperatures are 

compared.  Figure 5a shows the comparison of the [pyrr14]
+
[NTf2]

-
 mass 142 PIE curves 

at 583 K and 613 K.  In order to try to force the curve shapes to match, rather than simply 

scaling the PIE curve at 583 K to the PIE curve at 613 K so that the highest points match, 

the PIE curve at 583 K is scaled iteratively to fit to the 613 K data by a least squares fit 

where the sum of the squares of the difference between two points at a fixed photon 

energy is minimized: 

(d/dS)Σ (SI583 – I613)
2
 = 0     (5) 
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By this method, if the scaled PIE curves are identical, then Σ(SI583 – I613)
2
 would 

necessarily equal zero, and S = (I613/I583).  However, if the curves do not match exactly, 

then Σ (SI583 – I613)
2
 > 0.  In Figures 5a-b, for [pyrr14]

+
[NTf2]

-
 the high temperature PIE 

curves for both mass 142 and mass 84 appear to have shifted slightly to higher intensities 

between 10 and 13.6 eV (SI583 < I613), and to lower intensities above 13.6 eV (SI583 > I613) 

relative to the low temperature PIE curves.  Due to this slight shift in the PIE shape at 

higher temperature, in the region where the PIE intensity increases with temperature: 

SI583 < I613 (10-13.6 eV), the Clausius-Clapeyron approach systematically overestimates 

the heat of vaporization.  In the region where the PIE intensity decreases with 

temperature above 13.6 eV where SI583 > I613, the Clausius-Clapeyron calculation will 

underestimate the heat of vaporization.  Because there are more points in the PIE 

summed calculation where SI583 < I613 (8-13.6 eV, 29 points) than where SI583 > 

I613,(13.8-15 eV, 7 points), the PIE summed result from the Clausius-Clapeyron 

calculation will systematically overestimate the actual heat of vaporization, although 

these effects will tend to cancel somewhat.  If, instead of determining the heat of 

vaporization of [pyrr14]
+
[NTf2]

-
 using the ratio of summed PIE intensities (I613/I583 = 6.17, 

Hvap = 180.3 kJ/mol, Table 1) of mass 142 in the Clausius-Clapeyron equation, one uses 

the curve fitting scaling factor S = 5.29 from Figure 5a,  the result is Hvap = 165.0 

kJ/mol, a reduction in the calculated value of Hvap by 8.9%   A similar treatment for 

mass 84 (Figure 5a) and for masses 97 and 137 of [BMIM]
+
[dca]

-
 in Figures 5c-d results 

in overestimates of 1.1%, 6.3%, and 1.1%, respectively.  The similar shifts in the PIE 

curves in Figure 5 indicate this is a systematic phenomenon.  Based on Hvap calculated 

from the measured PIE curve sum values and comparison with the scaling factor analysis 
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which takes into account the slight temperature shift in PIE curves, the Hvap values 

determined by PIE summed data likely contain a systematic overestimation of 1 to 10%, 

depending on how much the PIE curve shifts at the higher temperature.  An improvement 

in the accuracy of this method will be to select a photon energy where competition 

between photoionization cross section and ion fragmentation tend to cancel each other 

out , namely where the scaled PIE curves cross and S = I2/I1.  For example, monitoring 

the vapor density as a function of temperature at ~13.6 eV and determining Hvap from 

the slope of a plot of lnI versus 1/T
18

 would increase both the accuracy and precision of 

this method. 

 The PIE curve shift at higher temperature could be due to several factors.  

Competition between increased photoionization cross section and increased ion 

fragmentation at high temperatures may account for this observed shift.  Below 13.6 eV, 

a larger photoionization cross section at high temperatures could explain the shift to 

higher intensities, and above 13.6 eV, increased ion fragmentation reduces the PIE 

intensity.  A direct comparison of the branching ratios of masses 84/142 at two different 

temperatures is shown in Figure 6.  Above ~12 eV, the increase in branching ratio at 

higher temperature indicates increased ion fragmentation with increasing temperature. 

 There are several advantages for using photoionization versus electron impact 

ionization for measuring heats of vaporization for RTILs.  The narrow energy spread of 

the light source (0.025 eV) and soft ionization conditions minimize the effect of 

fragmentation of the parent cation and allows for appearance energies to be determined 

accurately.  Typical electron impact ionization energies are around 70 eV, where the 

electron impact ionization cross section curve is large and the shape of the curve is flat 



PREPRINT 

Distribution A: Approved for public release; distribution unlimited 

13 

for many atomic and molecular species, but fragmentation to smaller species can be 

extensive.  In this work, photoionization measurements yield a branching ratio of masses 

84/142 of nearly one for [pyrr14]
+
[NTf2]

-
, indicating the small extent of fragmentation of 

the [pyrr]
+
 under the present soft ionization conditions versus electron impact ionization 

of [pyrr14]
+
[dca]

-
 with a branching ratio of masses 84/142 that is about an order of 

magnitude higher.
18

  Although fragmentation of the parent ion can be minimized by 

lowering the electron impact energy, the electron impact ionization cross section changes 

rapidly as a function of electron energy near the ionization threshold,
29,30

 and may be 

highly susceptible to thermal effects near the ionization threshold.  Also, the energy 

spread of a typical electron gun is limited to > 0.5 eV, limiting the energy resolution in 

threshold measurements.  Therefore, determining appearance energies of ions by electron 

impact ionization is difficult and has large associated uncertainties.   

From the accurate determination of photoion appearance energies by the present 

method, comparison with theoretical energy calculations can be made.  Ab initio 

calculations of the energetics involved in the dissociative photoionization processes 

(described below) are in excellent agreement with the experimentally determined 

photoion appearance energies.   The measured mass 142 appearance energy in Figure 4 

(9.4 ±0.2 eV) agrees well with the ab initio value of 9.2±0.1 eV calculated at the MP2 6-

31+G(d,p) level of theory (0 K, ZPVE corrected) for the [pyrr14]
+
[NTf2]

-
 ion pair 

(equation 6).  An appearance energy of 10.1±0.1 eV (experimental value = 10.0±0.2 eV) 

was calculated for mass 84, assuming elimination of C4H10 from the pyrr14
+
 cation to 

form the resonance stabilized cationic structure postulated in a previous publication 
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(equation 7),
18

  The electron affinity for the NTf2· radical is calculated to be 5.7 eV at the 

MP2 6-31+G(d,p) level of theory. 

N
+ h

[NTf2]
-

N + NTf2  + e
-

             (6) 

 

N
+ h N CH2 + C4H10 + NTf2  + e

-

[NTf2]
-

   (7) 

 

N

C

N

C

N

N

+ h N

N

C

N

C

N

+ + e
-

  (8) 

 

N

C

N

C

N

N

+ h N CH2

N

C

N

C

N

+ + e
-

+ C4H10

      (9) 

Calculation of the adiabatic ionization potential of dicyanamide at the MP2 level was 

precluded due to the inadequacy of a single configuration reference wavefunction for the 

neutral dicyanamine species.
a
  However, the electron affinity for the dicyanamide radical 

has been determined experimentally to be 4.135 eV.
31

  Using this value along with the 

                                                   
a
 The need for a multiconfigurational reference in dicyanamine is evident from (a) the high degree of spin 

contamination present in the unrestricted Hartree-Fock (UHF) wavefunction (<S
2
> = 1.303, compared to 

0.5 for a pure spin doublet) and (b) the presence of multiple unphysical natural orbital occupation numbers 

(see Gordon, M. S.; Schmidt, M. W.; Chaban, G. M.; Glasemann, K. R. Journal of Chemical Physics 1999, 

110, 4199) obtained from the second order Z-averaged perturbation theory (ZAPT(2)) relaxed density 

matrix. 
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theoretical values in Table 3, the appearance energy for mass 84 in equation 9 is 

estimated to be 8.73 ± 0.1 eV, and is in excellent agreement with the experimental 

appearance energy for mass 84 in the [pyrr14]
+
[dca]

-
 dissociative photoionization of 

8.8±0.2 eV.  The estimated appearance energy of the intact [pyrr14]
+
 cation in equation 8 

is 7.81 eV.  However, the experimental signal to noise ratio for this species was not 

sufficient to determine its appearance energy although it was detectable at higher 

energies.  Overall, the agreement between theory and experiment supports the 

dissociative photoionization of isolated cation-anion ion pairs in the gas phase. 

Conclusions 

 Heats of vaporization for several room temperature ionic liquids have been 

determined by effusive beam VUV photoionization mass spectrometry.  The 

photoionization cross section is considered to be temperature independent when using the 

PIE curves for the Clausius-Clapeyron analysis.  We estimate a positive systematic error 

of up to 10% for this assumption.  After thermal correction to 298.15 K, the Hvap values 

of [BMIM]
+
[dca]

-
 and [pyrr14]

+
[dca]

-
 reported here are in reasonable agreement with the 

previously reported experimental values.  For [pyrr14]
+
[NTf2]

-
, Hvap(298.15 K) is 

calculated to be 195±19 kJ mol
-1

, which has not been reported previously.  Detection of 

the intact [pyrr14]
+
 cation is indicative of the presence of neutral cation-anion ion pairs in 

the effusive beam which dissociate to form [pyrr14]
+
 and neutral NTf2· at low VUV 

photon energy.  A second dissociation pathway detected is the efficient fragmentation of 

[pyrr14]
+
 to produce mass 84.  Together, these experimental heats of vaporization, 

photoionization appearance energies, and ab initio calculations support a vaporization 

mechanism for RTILs as intact cation-anion ion pairs. 
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Figure Captions 

Figure 1.  N-butyl-N-methylpyrrolidinium bistrifluorosulfonylimide [pyrr14]
+
[NTf2]

-
, a 

room temperature ionic liquid. 

Figure 2.  Ionic liquid effusive beam source. 

Figure 3.  Mass spectrum of [pyrr14]
+
[NTf2]

-
 at 15.0 eV photon energy and source 

temperature of 613 K.   

Figure 4.  Photoionization efficiency (PIE) curves of [pyrr14]
+
[NTf2]

-
 for mass 142 at 583 

and 613 K and mass 84 at 613 K. 

Figure 5.  Least-squares fit analyses of the PIE curves for (a) [pyrr14]
+
[NTf2]

-
 of mass 

142 at 583 K relative to 613 K, (b) [pyrr14]
+
[NTf2]

-
 of mass 84 at 583 K relative to 613 K, 

(c) [BMIM]
+
[dca]

-
 of mass 97 at 468 K relative to 483 K, and (d) [BMIM]

+
[dca]

-
 of mass 

137 at 468 K relative to 483 K. 

Figure 6.  Mass 84/142 branching ratios for [pyrr14]
+
[NTf2]

-
 at 583 K and 613 K as a 

function of photon energy. 
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Table 1.  Heats of vaporization data.  All values are in kJ/mol.  Uncertainties in the present work are twice the standard deviation. 

 

 

[pyrr14]
+
[NTf2]

- 
Hvap(PIE) Hvap(12.6 eV) Hvap(15.0 eV) Hvap(average)  

mass 142 180.3 156.6 174.6 170.5  

mass 84 167.9 155.3 165.4 162.9  

   average of six values = 166.7  

   correction to 298.15 K = 28.2  

   Hvap(298.15) = 195±19  

      

[pyrr14]
+
[dca]

-
 Hvap(483/473 K) Hvap(493/483 K) Hvap(493/473 K) Hvap(average) Hvap(slope)

a
 

mass 84, 12.0 eV 145.2 157.1 151.1 151.1 151.0 

   correction to 298.15 K = 19.5  

   Hvap(298.15) = 171±12  

      

[BMIM]
+
[dca]

-
 Hvap(mass 82) Hvap(mass 97) Hvap(mass 124) Hvap(mass 137) Hvap(average) 

PIE 483/468 K 148.4 157.4 162.4 154.8 155.8 

    correction to 298.15 K = 18.7 

    Hvap(298.15) = 174±12 

      

      

      

      

      

      

      

 

                                                   
a
 Hvap(slope) was determined via the slope of plotting lnI versus 1/T at 473, 483, and 493 K, where Hvap = -slope*R. 



 

 

 

Table 2.  Experimental and literature values for heats of vaporization and temperatures of decomposition. 

 

RTIL T(K) range 

this work 

Hvap (kJ mol
-1

) 

(average)
Cp T

(kJ mol
-1

)

this work 

Hvap (kJ mol
-1

)

(298.15 K) 

literature

Hvap (kJ mol
-1

)

(298.15 K) T(K)decomposition 

[BMIM]
+
[dca]

-
 468-483 156±12 18.7 174±12 157.2 ± 1.1

a 
513

c 

[pyrr14]
+
[dca]

-
 473-493 151±18 19.5 171±12 161.0 ± 2.0

b 
535

d 

[pyrr14]
+
[NTf2]

-
 583-613 167±19 28.2 195±19  672

d 

         a
reference 

10
, 

b
reference 

18
, 

c
reference 

30
, 

d
references 

16,30
. 

 

 



Table 3.  Ab initio energies (in Hartrees) of proposed species involved in dissociative photoionization of [pyrr14]
+
[NTf2]

-
 and 

[pyrr14]
+
[dca]

-
. 

 

specie E0 zero point energy total H0 

[pyrr14]
+
[NTf2]

-
 ion pair -2232.073761 0.348228 -2231.725533 

[pyrr14]
+
[NTf2•] ion pair cation -2231.758743 0.346514 -2231.412229 

[pyrr14]
+
 cation -408.215636 0.293093 -407.922543 

[NTf2]
-
 anion -1823.729958 0.053730 -1823.676228 

NTf2• neutral radical -1823.518844 0.052807 -1823.466037 

[pyrr14]
+
[dca]

-
 ion pair -648.205863 0.314189 -647.891674 

[pyrr14]
+
[dca•] ion pair cation 

(MP2 vertical) 

-647.924455 0.314189 -647.610266 

[pyrr14]
+
[dca]

-
 ion pair (M06) -649.732310 0.306353 -649.425957 

[pyrr14]
+
[dca•] ion pair cation 

(M06 vertical) 

-649.444280 0.306353 -649.137927 

[pyrr14]
+
[dca•] ion pair cation 

(M06 adiabatic) 

-649.448255 0.034323 -649.143932 

[dca]
-
 anion -239.854100 0.020016 -239.834084 

mass 84 cation -250.263014 0.151086 -250.111928 

butane -157.912441 0.135673 -157.776768 

 


